Abstract. Serum-deprived Swiss 3T3 fibroblasts constitutively form stress fibers at their edges. These fibers move centripetally towards the perinuclear region where they disassemble. Serum stimulation causes shortening of fibers in a manner suggesting active actin-myosin-based contraction (Giuliano, K. A. and D. L. Taylor. 1990. Cell Motil. and Cytoskeleton . 16:14-21). To elucidate the role of actin-based gel structure in these movements, we examined the effects of disrupting actin organization with cytochalasin . Serum-deprived fibroblasts were microinjected with rhodamine analogs of actin or myosin II and fiber dynamics were monitored with a multimode light microscope workstation using video-enhanced contrast and fluorescence modes. When cells were perfused with >3 I,M cytochalasin B or 0.5 uM cytochalasin D, formation and transport of stress fibers were reversibly inhibited, and rapid and immediate shortening of existing fibers was induced. Quantification of actin and N a simplified model of cell crawling suggested by the behavior of giant amoebae, locomotion is believed to be brought about by the following cycle of events : solated cytoplasm (endoplasm) streams forward to the leading edge, where it is recruited into a cortical gel (ectoplasm). The cortical gel exhibits a rearward transport away from the leading edge, with the leading edge being determined, in part, by a partial decrease in gelation . The rearward transport involves a contraction and results in the exertion of a tractional force on the substratum via linkages across the plasma membrane . Contraction is coupled to solation of the cortical gel, with the solated components being recruited into the forward stream and driven forward under positive hydrostatic pressure to continue the cycle (Taylor and Condeelis, 1979; Taylor and Fechheimer, 1982) .
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An essential element of this model is the rearward movement of material at or near the cell surface. Such movement has been dubbed "ectoplasmic contractionby those studying amoebae (for reviews see Taylor and Condeelis, 1979; and Taylor and Fechheimer, 1982) and "cortical flow" by others (Bray and White, 1988) myosin II fluorescence associated with individual shortening fibers demonstrated that fluorescence per length of fiber increased for both components, suggesting sliding filament contraction . However, there was also a net loss of both actin and myosin II from fibers as they shortened, indicating a self-destructive process. Loss of material from fibers coupled with increased overlap of actin and myosin II remaining in the fibers suggested that contraction could be induced not only by increasing the force exerted by contractile motors, but also by decreasing gel structure through partial solation. Finally, cytochalasin accelerated contraction of actin-myosin-based gels reconstituted from purified proteins in the absence of myosin-based regulation, further supporting solation-contraction coupling as a possible mechanism for modulating cytoplasmic contractility (Taylor, D. L . and M. Fechheimer. 1982 . Philos . Trans. R. Soc. Lond. B. Biol. ) .
other classic model of cell migration, the translocation of fibroblasts in culture. Recently, observed that stress fibers in serum-deprived Swiss 3T3 fibroblasts also undergo constitutive transport from the cell periphery toward the cell center, even in the absence oftranslocation of the whole cell . Fibers continuously form at the periphery of the cell, move centripetally through the peripheral cytoplasm, and disassemble in the perinuclear region . Furthermore, like the cortical gel of the amoeba model, these fibers are contractile. Extensive contraction of these fibers is triggered by stimulation with growth factors, which also elicits increased locomotive activity in the form of ruffling, the formation of spreading protrusions, and cell translocation . We seek to understand the regulation ofthis behavior using the simple amoeba model of cell motility as a point of reference. How cytoplasmic contraction is regulated is not completely understood . Much attention has been paid to the role of myosin II, based on its function in skeletal and smooth muscle . In smooth muscle fibers, contraction can be stimulated by phosphorylation of the regulatory light chain of myosin II and inhibited by antagonists of this phosphorylation (Seller and Adelstein, 1987; Itoh et al., 1989) . In nonmuscle cells, increased light chain phosphorylation occurs during the reorganization of stress fibers induced by growth factor stimulation ofquiescent fibroblasts (Boskus and Stiles, 1984) , and during contraction of extracted cell models (Masuda et al., 1984) . Conversely, Lamb et al. (1988) have reported that dephosphorylation of myosin II regulatory light chain leads to stress fiber breakdown . Furthermore, growth factor stimulation affects many intracellular regulatory pathways other than myosin II phosphorylation, including calcium levels and phosphatidyl inositol metabolism (reviewed by McNeil and Taylor, 1987) . These particular pathways, in turn, can affect the state of actin polymerization in the cell, further modifying the contractile machinery.
An additional mechanism for regulating contraction is offered by the solation-contraction coupling hypothesis, which proposes thata cytoplasmic gel can be induced to contract not only by increasing contractile force from a motor, but by decreasing the resistance to that force (reviewed by Taylor and Fechheimer, 1982) . As discussed in detail by Taylor and Fechheimer (1982) , this model presents these six major postulates: an actin-filament-based gel is a significant structural component of the cytoplasm ; in its most rigid state, this gel resists contraction ; the gel can be weakened by dissociation of crosslinks between filaments and/or by restriction of filament length ; a weakened gel cannot resist contraction, but can transmit forces of contraction-through its remaining structure ; cytoplasmic contraction can be induced by localized decreases in gel structure ; and solationinduced contraction releases smaller pieces of gel and some fraction of the gel's structural and contractile components into the soluble (nongelled) cytoplasm, and as such can be regarded as a "self-destructive? process . Various aspects of the hypothesis have been explored in vitro and in vivo, including the possible role of actin gels in cytoplasmic structure (Luby-Phelps et al ., 1988) , the role of dissociation of actin crosslinkers in solation (Simon et al., 1988) , and the role of solation in initiating contraction (Taylor and Fechheimer, 1982) .
In the following study, we use cytochalasin as an agent for solating actin-based gels based on its effect of restricting the length of actin filaments (Hartwig and Stossel, 1979; MacLean-Fletcher and Pollard, 1980) . We report that cytochalasin not only inhibits fiber formation and transport in serum-deprived fibroblasts, but also initiates a "self-destructive» contraction as predicted by the solation-contraction coupling hypothesis.
Materials and Methods

Reagents
Tissue culture media and supplements were purchased from Gibco/BRL (Grand Island, NY) . Cytochalasin B and cytochalasin D were from Sigma Chemical Co. (St . Louis, MO) . Acetamido-tetramethylrhodamine analogs of rabbit skeletal muscle actin (AR-actin) and chicken smooth muscle myosin II (AR-myosin II) were prepared as described by DeBiasio et al. (1988) . Calcium-independent myosin light chain kinase was generously provided by Drs . T. Cornwell, J . Sellers, and R . Adelstein (National Institutes of Health, Bethesda, MD) .
Cell Culture
Swiss 3T3 murine fibroblasts (no. CCL92) were obtained from American Type Culture Collection (Rockville, MD) and were used between passages
The Journal of Cell Biology, Volume 114, 1991 119 and 129. Cells were grown in DME supplemented with 10% calf serum at 37°C in a water-saturated, 5% C02, atmosphere . For microscopy, cells were seeded at 500 cells/cm2 on glass coverslips in DME with 10% calf serum and allowed to attach overnight. Cells were then serum deprived by changing the medium to DME with 0.2 % calf serum and incubating an additional 48 h . These serum-deprived fibroblasts are excellent cells in which to analyze fiber dynamics, since the cells do not translocate but their stress fibers exhibit well-defined dynamic behavior Kolega and Taylor, 1991) .
Microinjection
Fluorescent analogs were microinjected as previously described (Amato et al ., 1983) . ARmyosin II was injected in a buffer consisting of 2 mM Hepes, pH 7.5, 0.2 mM ATP, 1 mM DTT, 0.1 mM EGTA, and 100 mM NaCl . ARactin was injected in 2 mM Pipes, pH 7.0, 0.1 mM ATP, 0.1 mM DTT, and 0.05 MM M9C12 . After microinjection, cells were rinsed with fresh culture medium and allowed to recover for at least two hours before mounting for observation .
Microscopy
Living cells on glass coverslips were mounted in a closed chamber equipped with ports for perfusion (Focht Chamber ; Biological Detection Systems, Inc., Pittsburgh, PA) and maintained at 37°C. This chamber was placed on the stage of a multi-mode light microscope workstation that allows rapid acquisition of images at regular, programmable intervals using both fluorescent and video-enhanced differential-interference contrast optics. The design for this set up is described by . Digital images were acquired with a cooled CCD camera (model 200 ; Photometrics, Tucson, AZ) containing a 512 x 512 pixel frame transfer CCD array (Texas Instruments Inc., Dallas, TX) . A parfocal video camera and differentialinterference contrast optics were used for focusing the specimen and then fluorescence excitation was used only for the short interval required for fluorescence image acquisition so that photochemical damage was kept to a minimum. Over 60 fluorescence images could be acquired from a single cell with no apparent adverse affects on cell activity or morphology.
Cells that had been microinjected with AR-myosin were photobleached using a multi-line argon laser from Ion Laser Technology (model 5400; Salt Lake City UT) . The beam was directed onto the specimen through the epiillumination pathway via a half-silvered mirror inserted between the light source and the microscope . To bleach lines on cells, the beam was focused in the image plane in a neighboring field and then the cell was passed through the beam at a constant speed using a motor-driven stage.
Image Analysis
Measurements were made on the digitized video images using an image processor (Perceptics, Knoxville, TN) . All images were within the four log units of linearity of the camera used . Fiber fluorescence was always well above the background dark current, and there were no saturated pixels in any of the raw images. Fibers were selected for analysis with the only criteria being that they be visible for at least 20 min of the experiment under examination and that they be distinguishable from surrounding fibers during that interval . To measure the centripetal displacement of a fiber during transport, a line was drawn lying perpendicular to the nearest edge of the cell and passing through the midpoint of the fiber. Fiber displacement was then measured from the point where the fiber intersects this line at each timepoint . Fiber shortening was usually measured from the ends of fibers, but could also be measured from the semi-sarcomeric spacing of myosin II or from discrete reference points that were visible along the lengths of the fibers Kolega and Taylor, 1991) . To quantify the fluorescence intensity of a single fiber, the fiber was traced using an interactive, mouse-driven graphics display. Pixel intensity was then integrated within the outlined region . To correct for photobleaching, fiber intensity was divided by total cell fluorescence (the intensity obtained by integrating over the entire cell) at the same timepoint . The total extent of photobleaching over the longest sequence of images taken was <12% .
For photographic reproduction, images were enhanced by transformation with a linear intensity map, sharpened using a high-pass spatial filter and then photographed from the video monitor.
In Vitro Reconstitution
The techniques for reconstituting actin-based gels and the methods for purification of the constituent proteins are described in detail in the accom-panying paper (Janson et al., 1991) . In the experiments described in the present paper, the gels were made with 1 .5 mg/ml rabbit skeletal muscle actin. Filament length was controlled using the calcium-independent, 45-kD fragment ofgelsolin, purified from bacteria expressingthe clone for this peptide (Way et al., 1989) . Average filament length was determined from fluorescence images of phalloidin-labeled samples (Janson et al., 1991) to be 5.5 Icm. Polymerized actin was mixed with chicken gizzard filamin and myosin II atratiosof 5011 actin :filamin and 100/1 actin:myosin II . Final concentration of other components were: 10 mM MOPS (pH 7.2), 0.1 mM DTT, 0.005 % NaN3, 50 mM KCI, 2 mM MgC12, [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] 200 ,uM CaC12, and 1 mM ATP (gel buffer). Before reconstitution, the myosin II was phosphorylated in vitro with calcium-independent myosin light-chain kinase as described by Janson et al. (1991) . The actin-filamin-myosin mixture gelled within 1 min after warming, and was overlaid 2 min after warming with cytochalasin in a volume of gel buffer equal to 10% of the reconstituted protein mixture or with gel buffer alone.
Results
E ffects ofCytochalasin on Fiber Formation and Tlransport
We first examined the effects of cytochalasin on the constitutive formation of stress fibers that occurs in the peripheral cytoplasm of serum-deprived Swiss 3T3 fibroblasts . Cells were microinjected with fluorescent analogs ofactin or myosin II, which rapidly equilibrated into existing structures (Amato et al ., 1983; Amato and Taylor, 1986; DeBiasio et al., 1988) . Fiber dynamics were then monitored by time-lapse acquisition of fluorescence and video-enhanced, differential interference-contrast images of cells during various treatments. In control experiments, where cells were perfused with medium alone, we observed continuous formation of stress fibers at the cell periphery. In contrast, when cells were perfused with >0.3 /AM cytochalasin D, there was a complete and reversible inhibition of fiber formation . Within 5 min of perfusion of the drug, fiber formation stopped, and no new fibers were formed as long as cytochalasin was present . When cytochalasin was washed out by perfusing the chamber with fresh medium, new fiber formation at the margin of the cell was clearly apparent within 5-10 min. We observed complete reversal of inhibition in cells in which fiber formation was blocked by 0.5 /AM cytochalasin D for as long as 3 h. Perfusion ofcytochalasin B produced similar results, with the exception that higher concentrations (>2 pM) were required . This is consistent with the five-to 20-fold lower potency of cytochalasin B relative to cytochalasin D in its binding to actin filaments in vitro (Cooper, 1987) .
Concomitant with its effects on formation of new fibers, cytochalasin blocked transport ofexisting fibers. When cells were perfused with cytochalasin D at >0.3 /AM or cytochalasin B at >2 p.M, the speed of centripetal transport dropped sharply. The effect was quite striking when viewed in timelapse sequences . The inhibition of fiber transport by cytochalasin was demonstrated quantitatively by plotting fiber location against time. Fig. 1 shows the displacements of four fibers in a single cell during perfusion and washout of cytochalasin D. In the presence of drug, transport rates were very low, as is evident from the flattened slopes of the four plots during the period after perfusion . In addition, the inhibition was rapidly reversible, as can be seen by the rising slope immediately following washout . Datapooled from similar plots (for three cells from three separate perfusion experiments with a minimum of four fibers tracked in each cell) yielded Figure 1 . Inhibition of fiber transport by cytochalasin. The movements of four fibers in a typical serum-deprived cell are shown . Distance traveled was measured perpendicular to the nearest cell margin (see Materials and Methods) . The four fibers were selected only on the basis that they were "trackable" over a time span >20 min and that they were evenly distributed around the periphery of the cell. At the time indicated by the solid arrow, the cell was perfused with 0.5 gM cytochalasin D, which was subsequently washed out at the time indicated by the hollow arrow. Transport slowed dramatically in the presence ofcytochalasin D and increased following washout .
an average rate of fiber transport of0.14 f 0.08 pm/min before treatment . This dropped to 0.04 f 0.04 pm/min (71 inhibition) after 5 min in the presence of cytochalasin and rose again to 0.26 f 0.09 14m/min (185% recovery) 5 min after washout. The actual degree of inhibition of transport may be even greater because some ofthe continued centripetal movement in the presence of cytochalasin could be because of contractile events in more proximal cytoplasm (see below) . Like the inhibition of fiber formation, the inhibition oftransport was rapidly reversible. In fact, immediately after washout the rate of transport was significantly higher than the pretreatment rate. During the time immediately after cytochalasin treatment, there was much less filamentous structure observable in the interfiber cytoplasm . Reduced cytoplasmic structure might offer less hindrance to fiber motion and thereby lead to more rapid transport in this interval (see Luby-Phelps et al., 1988; Simon et al., 1988) .
Induction ofFiber Shortening by Cytochalasin
The most striking effect of cytochalasin on serum-deprived cells was the induction of rapid shortening of existing stress fibers (Fig. 2) . Within 5 min of perfusion of cytochalasin, most fibers began to shorten . Some fibers shortened from one or both of their ends, i.e., with one end or with the central region remaining stationary. Other fibers fragmented and shortened towards their ends, away from the breakpoint (arrow in Fig . 2 , t = 3 :30). An investigation of the relationship between these fiber ends and substratum adhesions is currently in progress . Fiber length decreased linearly at rates An extensive array of stress fibers, most of which lie parallel to the cell's nearest edge, was visible. By t = 3 :30, gaps (arrow) began to appear in the fiber network as fibers pulled away from each other. A few fibers had already begun to shorten and the density of their associated fluorescence had noticeably increased (arrowheads) . At t = 7:30, these gaps had become larger and many new gaps had appeared . More stress fibers had shortened and displayed increased concentrations of fluorescence (arrowheads) . By t = 14 :00, most of the stress fibers had shortened into bright foci (arrows) . Also note that much of the interfiber fluorescence was cleared from large regions of the cytoplasm . Bar, 10 km . of 1 .6 t 0.5 urn/min, until reaching maximal shortening at <20% of the original fiber length (Fig . 3 ) . This compares with a rate of 0.73 f 0.39,um/min observed for fiber shortening in response to serum stimulation (Giuliano and Taylor In both treatments, shortening persisted at a relatively uniform rate until the fiber had shortened to -20% of its initial length . However, on average, cytochalasininduced shortening occurred at twice the rate of serum-stimulated shortening.
peripheral cytoplasm . These foci ultimately became the branchpoints in the highly arborized morphology attained in later stages of cytochalasin treatment . Video tape replay of the dynamics of fiber shortening very strongly suggested that the fibers contracted . We have demonstrated contraction of stress fibers during serum stimulation by monitoring the decrease in spacing of myosin II (Giuliano and Zàylor, 1990) . In the present study, cytochalasin treatment caused a rapid loss of the definite sarcomeric structure during shortening, making measurement of individual sarcomeric spacing difficult . However, contraction could be demonstrated by a number of other criteria . To create artificial reference points on shortening fibers, we photobleached two parallel lines across the width ofthe cell immediately before cytochalasin treatment (Fig. 4, a and b) .
The halftime of myosin subunit exchange in fibers is long enough to permit observation of fiber shortening before diffusion obscures the photobleached regions . Upon perfusion with cytochalasin, these lines moved closer together (Fig. 4, c and d) , indicating acontraction of the intervening cytoplasm . Furthermore, we frequently observed multiple markers on a single fiber, either in the form of photobleached spots (Fig. 5, arrowheads) or naturally occurring irregularities in fiber thickness or fluorescence intensity (Fig. 5, arrows) . Such discrete reference points invariably moved closer together as fibers shortened (Fig. 5) . The behavior of endogenous markers was virtually the same whether or not fibers were exposed to laser Kolega et al . Effects of Cytochalasin on Stress Fiber Dynamics photobleaching before contraction . We conclude that fibers did not shorten merely by progressive disassembly from their ends.
Further evidence for contraction comes from changes in the density of actin and myosin II along shortening fibers . During shortening, fibers appeared to thicken and condense, their fluorescence images becoming brighter (Fig. 5) . This occurred in fibers labeled with the fluorescent analog of either actin or myosin H. We quantified this effect by outlining individual fibers and integrating the fluorescence intensity within each fiber as it shortened . As illustrated in Fig . 6 , the fluorescence per length of fiber increased as fibers shortened. This indicates that both actin and myosin II became more concentrated along the fiber, further confirming that fibers contracted and did not shorten solely by depolymerization .
After the onset ofcontraction, the fluorescence intensities per length were generally slightly lower than predicted for a fiber in which all the actin and myosin is retained in the the shortening fiber (Fig. 6, solid lines) . This can be explained by a loss of material from within the fiber as it shortens . In a fiber disassembling from its ends, fluorescence per unit length would remain unchanged. As shown in Fig .  7 , the total actin and myosin II fluorescence associated with individual fibers decreased by -50% as they contracted . A number oftrivial explanations for this can be discounted . Because fiber fluorescence was normalized to total cellular fluorescence at each time point, this cannot be because of photobleaching . Likewise, there was no underestimation of fluorescence arising from camera saturation, as we analyzed only sequences in which fluorescence remained within the linear range of the camera . Quenching should be negligible owing to the large excess of unlabeled endogenous protein (particularly in the case of the actin analog) . Finally, out of plane, extrafibrillar material cannot account for the missing fluorescence. Even if it is assumed that such fluorescence is equal to the fluorescence of full-thickness inter-fibrillar cytoplasm, this would amount to <20% of the fluorescence in the region occupied by an uncontracted fiber. Thus, it is reasonable to conclude that a significant portion of the 50 loss of fluorescence during shortening represents actual loss of material from the fiber. This, in turn, suggests that fiber shortening involves partial disassembly of the fiber as the fiber contracts.
Cytochalasin-induced Contraction In Vitro
If the effect of cytochalasin on stress fibers is because of its ability to solate actin-based gel structures (Hartwig and Stossel, 1979; MacLean-Fletcher and Pollard, 1980; Condeelis and Taylor, 1977) , then it should be possible to use cytochalasin to stimulate contraction of actin-based gels containing myosin U in vitro. We wished to test this prediction and to establish a system for studying this process in vitro, where we have greater control over the structural elements and their regulators . Toward this end, we added cytochalasin to gels formed from purified cytoskeletal proteins. Actin-myosin 11-filamin gels were formed as described in Materials and Methods and overlaid with cytochalasin in gel buffer or with gel buffer alone. With buffer alone, gels contracted very slowly, taking >90 min to reach full contrac- tion. But when overlaid with 20 or 50 /AM cytochalasin D, contraction was greatly accelerated ; the fully contracted state was reached within 15 min (Fig . 8) . By comparison, after 60 min, gels overlaid with buffer alone had not contracted beyond the second stage illustrated in Fig . 8 .
Discussion Fiber Formation and Transport
It is not surprising that cytochalasin inhibits the formation of new stress fibers at the periphery of serum-starved cells . Cytochalasin inhibits actin polymerization both in vitro and in vivo (see Cooper, 1987 for review) . If filament assembly is blocked, the formation of fibers, larger bundles of filaments, is also necessarily inhibited .
It is less apparent why cytochalasin inhibits transport of
The Journal of Cell Biology, Volume 114, 1991 existing fibers. One possibility is that continuous polymerization of actin at the cell surface might drive transport of material away from the site of assembly (Wang, 1985) . There are several indications that filament assembly occurs at the membrane-cytoplasm interface : actin filaments at the membrane-cytoplasm interface often lie with their barbed ends (the preferred end for monomer addition in vitro) pointed towards the plasma membrane (Small et al., 1978 ; Mooseker and Tilney, 1975) . In living cells microinjected with a fluorescent actin analog, photobleached spots in actin fibers move away from the cell edge toward the cell center (Wang, 1985 ; DeBiasio, R. L., R Lanni, and D. L . Taylor, unpublished results), as do filaments visualized by video-enhanced differential-interference contrast microscopy , necessitating continuous addition of material at the distal edge. It has also been shown that actin polymerizes preferentially at the distal edge when microinjected into intact cells (Okabe and Hirokawa, 1989) . Immediately after t = -2 :00, the fiber was marked by photobleaching (dark region indicated by arrowhead at t = 0:00) . At t = 0:00, the cell was perfused with 0.5 AM cytochalasin D. Arrowheads follow the centroid of the photobleached spot as the fiber shortened. Straight arrows mark two slightly thinnerregions of the fiber that provided additional discrete references . All of these markers drew closer together as the fiber shortened. They also moved closer to the leftmost end of the fiber, which remained almost stationary. Note the increasing thickness and brightness of the fiber during shortening. Bar, 10 Am . Whether the addition of actin subunits can actually drive the transport of fibers is not known. Forscher and Smith (1988) reported that, while cytochalasin blocks the retrograde streaming of cytoplasm from the peripheral edge in nerve growth cones, more proximal cytoplasm continues to move until the growth cone is "emptied ." This suggests that cytochalasin affects only the addition of new material andnot the driving force of its transport. However, there is a clear radial orientation of filamentous material in the cells studied by Forscher and Smith (1988) . If cytochalasin also induces a contraction, as it does in 3T3 fibroblasts, this could cause radially oriented fibers to draw cytoplasm in towards the cell body, thereby continuing retrograde transport even though distal polymerization has been interrupted .
Alternatively, it may be that neither form of centripetal transport is driven by actin assembly or sliding-filament contraction . The transport observed by Forscher and Smith (1988) involves much smaller structures and occurs at much higher rates (3-6 Am/min) than the movement of stress fibers in serum-deprived fibroblasts (0.1-0.2 Am/min). A motor associated with the membrane-cytoplasm interface could drive both forms of movement, but might move the larger structures less easily. Myosin 1, for example, has been shown to bind to plasma membranes and lipid vesicles, and to move organelles along actin filaments in vitro . In decreasing actin filament length, whether by capping, severing or increasing nucleation sites (Cooper, 1987; Sampath and Pollard, 1991) , cytochalasin may leave only small pieces of filaments for the motor to move, with little or no translocation of larger structures. The distribution of myosin 999 Figure 6 . Condensation of actin and myosin during fiber shortening . Individual fibers were trackedduring cytochalasin treatment of serum-deprived cells that had previously been injected with AR-actin or ARmyosin 11 . Shortening is expressed as the percentage of the original fiber length, i.e ., at 0%, a fiber has not shortened at all, at the hypothetical maximum of 100% it would have completely disappeared . The average fluorescence intensity per length of fiber was determined as described in Materials and Methods, immediately before treatment and for the same fiber for a minimum of five timepoints during the course of its contraction . Each graph represents data pooled from fibers in three separate experiments . The solid lines indicate the values expected for an ideal fiber contracting without any loss of fluorescence. Note that fluorescence/length for both actin (left) and myosin 11 (right) increased as fibers shortened, but was slightly less (%) than the theoretical' curve. I in serum-deprived and stimulated cells is described in another study (Conrad et al., manuscript in preparation) .
It has long been recognized that cytochalasin causes some form of cytoplasmic contraction (Miranda et al., 1974) . In addition, cytochalasirfs effects have been shown to require cellular energy metabolism (Miranda et al., 1974; Bershadsky et al ., 1980; Schliwa, 1982) . Our observations are in full agreement with the view that cytochalasin induces an active contraction and suggests that this is most likely actinmyosin II-based . Both photobleached markers and endoggenous irregularities in stress fibers containing AR-myosin II can be seen to move closer together during fiber shortening, as predicted for a sliding-filament type contraction . Although there is a significant loss of both actin and myosin II Figure 7 . loss of fiber fluorescence during shortening . Individual fibers were tracked during cytochalasin treatment of serum-deprived cells that had previously been injected with a ARactin or AR-myosin II . The total fluorescence intensity of each fiber was determined as described in Materials and Methods, immediately before treatment and fibrthe same fiber for a minimum of five timepoints during the course of its shortening. Each graph shows data from five fibers within a single cell, with each symbol representing data from different fibers . All fibers showed a clear decrease in total fluorescence as they shortened . This trend is apparent for fibers labeled with thfluoret nextent of shortening log of either actin (left) or my-N osin lI (right) .
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fluorescence from shortening fibers, indicating that shortening involves a loss of a fraction of these contractile proteins, we also show that the actin and myosin II that remain become more concentrated as the fibers shorten . This suggests that a sliding-filament contraction occurs coupled to the dispersal (solation) of the fiber. It should be noted that we documented contractility only in relatively large stress fibers, which are easily followed and readily delineated from surrounding structures . A similar process probably occurs with much smaller filamentous elements throughout much of the cytoplasm, as is suggested by the clearing of myosin from the interfibrillar space in our study (Figs . 2 and 5) and the loss of filamentous structure from vast regions of the cytoplasm observed in electron microscopic examinations (Schliwa, 1982) . Stress fiber contraction is most likely a direct effect of 1000 Figure 8 . Cytochalasin-induced contraction of gels in vitro . An actin-myosin IIfilamin gel was formed as described in Materials and Methods. Two minutes after mixing the components, the gel was overlaid with 20 pM cytochalasin D. Time (min :sec) at lower left of each panel is the time after overlaying cytochalasin . At t = 0:00, a slightly translucent gel could be seen to fill the volume of the tube. At t = 5:00 the gel had begun to contract, pulling away from the walls of the tube. Arrows point to the edges of the retracting gel . By t = 15 :00, the gel had contracted completely into a small opaque nodule (arrow) . Control gels formed simultaneously but overlaid with buffer alone contracted very slowly, and had only reached a stage resembling the center panel at t = 60 min . cytochalasitfs action on actin filaments, and not a result of some secondary effect on cellular metabolism . First of all, the action of cytochalasin D, which lacks the effects on hexose metabolism associated with cytochalasin B (Rampal et al., 1980) , differs from that of cytochalasin B only in the dose required. This difference in potency is proportional to the relative potencies of cytochalasin B and D in blocking actin filament polymerization in vitro (Cooper, 1987) . Moreover, both drugs induce stress fiber contraction in cells at approximately the same concentration at which they cap actin filaments in vitro (Cooper, 1987) . It is well known that actin subunits exchange rapidly, even in stress fibers, suggesting the dynamic appearance of filament ends (Amato and (c) When the gel structure is weakened, the existing contractile motors can, by classic sliding filament motility, cause the gel to contract . Furthermore, the contraction is a "self-destruct7 process, as disconnected components are released into the less-structured cytoplasm . Taylor, 1986; Luby-Phelps et al ., 1984) . Finally, contraction can be modulated in actin-myosin II-filamnn gels reconstituted from purified cytoskeletal proteins, i .e ., in the complete absence of any additional regulatory pathways . How does cytochalasin cause contraction? Cytochalasirfs mechanism is extremely complex (Sampath and Pollard, 1991) , but its net effect on actin is a reduction in filament length, an event ultimately leading to solation of gelled networks (see Janson et al., 1991 ; and references therein) . Cytoplasmic extracts from amoeboid cells contract upon treatment with cytochalasin and other conditions that decrease gel structure (Stossel and Hartwig, 1976 ; Pollard, 1976 ; Condeelis and Taylor, 1977) . This led to the hypothesis that contraction can result not only from increased motor activity, but also frompartial solation ofthe network and the concomitant reduction in resistance to contraction ( Fig. 9 ; see also Taylor and Fechheimer, 1982) . Stossel and colleagues have also proposed an interdependence of contractility and state of gelation (Stendahl and Stosse1,1980 ; Stosse1,1982) . Their model involves only a disconnection of the network elements resisting contraction, whereas we suggest a twopart process wherein partial solation decreases resistance to contraction and also releases gel components into the solated phase in a "self-destruct" manner (Taylor and Fechheimer, 1982) .
The smooth muscle paradigm of cellular contractility has focused on regulation of myosin 11 as the primary means of controlling contraction . Cytochalasids ability to induce stress fiber contraction suggests that solation of the actinbased gel can also regulate, or at least modulate, contraction in the living cell. Kenney et al. (1990) have found that maximal force generation by smooth muscle myosin is achieved with only 20% ofthe regulatory light chain phosphorylated . Thus, very low levels of phosphorylation may be sufficient for exerting contractile force in the cell and modulation of the gel structure may be used as an additional regulatory process. Such modulation can be provided by the numerous endogenous proteins known to cap and/or sever actin filaments (e.g., gelsolin, severin, fragmin, actin-depolymerizing factor) and/or by dissociating actin-crosslinking proteins. Several of these actin-binding proteins are regulated by calcium, which has been implicated as a signal in many locomotive events, including the response of quiescent cells to growthfactor stimulation (McNeil and Taylor, 1987) . In addition, it has been reported that the phosphatidyl inositol phosphates, which constitute another important set ofmessengers in the growth-factor stimulation response, can regulate the actin-capping activity of gelsolin (Janmey et al., 1987) and of the calcium-independent actin-capping protein, gCap39 (Yu et al., 1990) . Other levels ofregulation could also be involved, including such molecules as caldesmon .
Thus, there are many avenues by which a cell could regulate the structure of its actin-based gel and thereby control contraction . To understand what role this might play in cell motility, we must determine how the cell balances the antagonistic forces ofcontractility and rigidity ofthe gel structure. How are these forces coordinated on a local basis within the cell during shape changes and locomotion? How is the polarity of the gelation-solation cycle maintained? How many regulatory or modulatory mechanisms exist beyond myosin II phosphorylation and solation-contraction coupling? We believe that many answers lie in the twopronged attack of probing the living cell with specific effectors of cytoplasmic structure and contractility, and characterizing the actions ofthese agents in the precisely controlled environment of in vitro reconstitutions . The latter approach is used in the paper that follows (Janson et al., 1991) , wherein we analyze the effects offilament length, crosslinking, and contractile force on the morphology and contractility of actin-myosin II gels.
